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The recent activity of the Piton de la Fournaise volcano oﬀers a rare opportunity to address the issue of Pb isotope behav-
ior in volcanic fumaroles, as the composition of the degassing source is accurately and precisely known. Gas sublimates
formed between 2007 and 2011 at temperature ranging from 400 to ca. 100 C include Na–K sulfate (aphthitalite), Ca–Cu
sulfate (e.g., gypsum), Na sulfate (thenardite), Ca–Mg–Al–Fe ﬂuoride (e.g., ralstonite) and native sulfur. The high-tempera-
ture deposits show trace element patterns typical of volcanic gas (with Pb concentration up to 836 ppm) while the low-
temperature deposits are depleted in most volatile elements (Pb <1 ppm) with the exception of Pd and Tl (in ﬂuorides)
and Se (in native sulfur).
Only for low-temperature ﬂuoride samples do Pb isotope compositions plot signiﬁcantly outside the ﬁeld of lavas. The iso-
topic shift is ascribed to leaching ubiquitous unradiogenic phases (e.g., sulﬁdes) by acidic gas condensates. The similarity in Pb
isotope signature between lavas and sublimate samples more representative of the gas phase (sulfates) indicates that the net
fractionation of Pb isotopes resulting from volatilization and condensation processes is smaller than the precision of Pb iso-
tope measurements (better than 60 ppm/a.m.u.). The absence of net fractionation could result from negligible isotope frac-
tionation during Pb volatilization followed by extensive condensation of gaseous Pb, with possibly signiﬁcant isotopic
fractionation at this stage. Although this scenario has to be reﬁned by more direct measurement of the gas phase, and its gen-
eral applicability tested, it suggests that a small fraction (<10%) of initially volatilized Pb ultimately escapes to the atmo-
sphere, while the remaining dominant fraction is trapped in sublimates. As sublimates are rapidly dissolved and entrained
by runoﬀ, the fumarolic environment appears as a factory eﬃciently transferring isotopically unfractionated Pb from magmas
towards the hydrological system and seawater.
Resolving very small isotopic diﬀerences between magmas and their gaseous products remains an analytical challenge.
High-precision Pb isotope measurements rest not only on instrumental performance but also on high-yield chemistry, as
Pb isotopes drastically fractionate (800 ppm/a.m.u.) upon elution on anionic resin. For 50% Pb recovery, the estimated iso-
topic bias is plus or minus 60–80 ppm/a.m.u., depending on which of the early (isotopically light) or late (isotopically heavy)
Pb fraction is lost.
 2012 Elsevier Ltd. All rights reserved.0016-7037/$ - see front matter  2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.gca.2012.09.016
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Amongst the four stable isotopes of lead, three (208Pb,
207Pb, 206Pb) are produced at slow rate (0.738 < t1/
2 < 14.01 Ga) by the decay of naturally occurring actinides
(232Th, 235U, 238U). This unique feature, together with the
large fractionation of U/Pb and Th/Pb ratios occurring in
nature, makes Pb a very useful geochemical tracer. Lead
isotopes have been successfully used within a wide range
of domains, including cosmochemistry, mantle geochemis-
try, environmental sciences, as well as archaeometry.
Plumbology rests on the assumption that Pb stable isotopes
do not fractionate by any processes other than radiogenic
growth. Lead being volatile to some degree, the validity
of this assumption has been early questioned in the case
of sublimation or vaporization processes (e.g., Lindemann,
1915). Mass-dependent fractionation of Pb isotopes during
experimental sublimation of Pb is now well established, in
particular in the case of isotopic measurements by Thermal
Ionization Mass Spectrometry (TIMS). Small but resolv-
able isotopic fractionation was also identiﬁed during heat-
ing experiments of Pb alloys (Budd et al., 1995; Cui and
Wu, 2011). On the other hand, no volatilization-driven
fractionation of Pb isotopes has been identiﬁed so far in
nature (Houtermans et al., 1964; Ferrara et al., 1995;
Vallelonga and Mather, 2003; Chugaev et al., 2007;
Yudovskaya et al., 2008). In the absence of two stable,
non-radiogenic Pb isotopes, any attempt to resolve such,
necessarily small, fractionations is ﬁrst hampered by the
highly variable Pb isotope ratios in geological samples.
In this context, this contribution addresses the question
of the extent to which Pb isotopes fractionate during volca-
nic degassing. This question is at the heart of a number of
scientiﬁc issues that are relevant not only to volcanology
but also to global geochemical cycles. (1) Magma sources
have their own Pb isotopic signatures, which are clearly dis-
tinct from that of oceans (mostly continental derived lead)
and atmosphere (mostly anthropogenic lead). If lead iso-
topes do not fractionate signiﬁcantly during volatilization,
then they may provide clues as to whether magmatic gases
or their precursory ﬂuids are contaminated by external
components such as hydrothermal ﬂuids, seawater brines
and natural or anthropogenic aerosols. Such contamina-
tions provide information on the permeability of volcanic
ediﬁces, which may change in response to seismic or tec-
tonic events (Nonell et al., 2005). (2) Lead isotope time-ser-
ies from active volcanoes show that the Pb isotope
composition of magma sources changes at short-time scale
(Pietruszka and Garcia, 1999; Marske et al., 2007; Vlaste´lic
et al., 2009a). Providing that these temporal changes are
large compared to those induced by Pb volatilization, the
Pb isotope composition of volcanic emanations could be
used to predict the arrival of new batches of magma at
depth. (3) Highly precise isotopic measurements by MC-
ICPMS recently showed that isotopes of intermediate
(Zn) and even heavy (Tl) elements signiﬁcantly fractionate
during volcanic degassing (Toutain et al., 2008; Baker
et al., 2009). Thus, it is possible that Pb isotopes fractionate
to a measurable degree as well, then raising the question:
what is the precise isotopic composition of the gasultimately released to the atmosphere? This question is
becoming more relevant as Pb isotope variations in the
environment are measured with increasing precision
(Kylander et al., 2010).
Unlike heavy stable isotopes, radiogenic Pb isotopes dis-
play large variations in the source of magmas. To study the
behavior of Pb isotopes in fumaroles, one needs to know
precisely the isotopic composition of Pb in the degassing
magmatic source, which is not easy to determine, especially
for quiescent degassing of subduction zone volcanoes. With
respect to this problem, frequently active and continuously
monitored basaltic volcanoes are more suitable, even if they
often lack long-lived fumarole ﬁelds. Few studies have so
far focused on trace element degassing at Piton de la Four-
naise, the active volcano of Reunion island, because diﬀuse
degassing of basaltic melts at depth hampers sampling of
volcanic gases before their dilution in the atmosphere. Tak-
ing advantage of the recent intense activity of the volcano,
we have sampled gas sublimates from short-lived fuma-
roles. The trace element content and the Pb isotope compo-
sition of the sublimate samples are compared to those of
lavas, which have been previously extensively documented
(see synthesis by Vlaste´lic et al., 2009a). Some diﬀerences
are found, but for low-temperature deposits only, while
the Pb isotope signature of high-temperature sublimates is
indistinguishable from that of their magmatic source.
2. GEOLOGICAL SETTING, GEOCHEMICAL
BACKGROUND AND SAMPLES
Piton de la Fournaise is a very active basaltic shield vol-
cano with no less than 65 eruptions observed between 1972
and 2007 (see a review by Peltier et al., 2009). Most of the
eruptions occurred within the main caldera and produced
transitional basalts and episodically olivine-rich lavas. A
wide range of observations, including earthquake locations,
compositional variation and trapping pressure of olivine
melt inclusions, eruption volumes and durations (e.g.,
Nercessian et al., 1996; Aki and Ferrazzini, 2001; Battaglia
et al., 2005; Famin et al., 2009) are used to characterize the
magma feeding system of this volcano. These data support
the existence of a deep magma reservoir at the crust-mantle
interface (7.5 km below the summit) and a shallower reser-
voir near sea level (2.5 km below the summit), while a net-
work of sills and dykes makes the shallowest part of the
plumbing system (0.5–1 km below the surface). The lack
of high-temperature springs on the ﬂank of the volcano sug-
gests little interaction between the hydrologic and the mag-
matic systems, perhaps because of the existence of an
impervious shell around the shallow magma chamber
(Violette et al., 1997). Hydrothermal activity seems to be
conﬁned to the summit crater, under which a low-resistivity
zone was identiﬁed (Le´nat et al., 2000). Lower hydrother-
mal activity has also been evidenced with self-potential
technique along the North–South rift zone crossing the
summit area (Barde-Cabusson et al., 2012). Piton de la
Fournaise lacks persistent and localized degassing activity,
so that sampling of magmatic gas is systematically ham-
pered by atmospheric contamination. An analysis of the
gases emitted during the December 1983 eruption revealed
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C ratios of 1.06 and 12.5, respectively (Le´nat et al., 1989).
Similarly, little is known about natural gas sublimates
(“sublimates” designate minerals formed directly from the
gaseous phase, without the presence of an intermediate li-
quid), except the occurrence of thenardite (Na2SO4) near
the summit crater (Nativel, 1972). Our understanding of
trace element degassing at Piton de la Fournaise rests on
the works of Toutain and Meyer (1989) and Toutain
et al. (1990) who collected sublimates in a silica tube em-
placed in a crack during the August 1985 eruption. They
identiﬁed mineral phases, namely halite (NaCl), sylvite
(KCl)), mitscherlichite (K2CuCl4
.2H2O) and hieratite
(K2SiF6), and pointed out (1) the increasing abundance of
volatile trace elements (Rb, Cs, Se, Au, Cu, Pb, Tl) in the
condensing phases with decreasing temperature; (2) the ab-
sence of refractory elements (Sc, Ta, Hf, Zr) as well as some
volatile elements, such as transition metals (Fe, Co, Zn) or
chalcolphile elements (As, Sb); (3) the unique occurrence of
iridium, this element being undetected in sublimates from
other volcanoes (Toutain and Meyer, 1989).
In this study, incrustations were sampled at short-lived
fumaroles, during or shortly after their activity. This sam-
pling strategy is critical because most of the deposits are
soluble into water. A ﬁrst group of incrustations was sam-
pled on and within the voluminous (240 Mm3) and slowly
cooling lava ﬂow of April 2007 (Staudacher et al., 2009),
especially in its thickest part (Fig. 1a). They include incrus-
tations from an active vent (labeled “F” in Fig. 1a), whose
temperature decreased from 400 to 300 C between Au-
gust 2008 and November 2009, incrustations from nearby
fumaroles that showed a vanishing activity (100 C) in
2008, and deposits formed in a lava cave. This cave is made
of a lava tunnel network of 1700 m at an average depth of
20 m below the surface of the April 2007 ﬂow. It was ex-
plored only in March 2011 when its temperature dropped
as it vented. The highest temperature measured in this cave
was 350 C, but the samples were collected at ambient tem-
perature two months after venting. The second group of
incrustations formed in near-summit cracks during the
short (one day) eruptions of 5 November and 14 December
2009 (Fig. 1b). Sample characteristics are summarized in
Table 1 and selected images are shown on Fig. 2.
3. ANALYTICAL METHODS
3.1. Major element chemistry
A selection of samples was investigated by scanning elec-
tron microscopy (SEM) (JSM 5910LV, Laboratoire Mag-
mas et Volcans) in Backscattered Electron (BSE) imaging
mode. Qualitative compositions in major and minor ele-
ments were also determined using Energy Dispersive Spec-
trometry (EDS). Representative samples were then selected,
embedded in resin, pre-polished on SiC discs using ethanol,
and polished using oil-based diamond suspensions in order
to preserve water-soluble phases. The polished sections
were analyzed for O, F, Na, Mg, Al, Si, S, Cl, K, Ca, Ti,
and Fe by Electron Probe Microanalysis (EPMA) on a
Cameca SX 100 (Laboratoire Magmas et Volcans) operatedat 15 kV. Low beam current (4 nA) and defocused beam
(10 lm) were used in order to minimize damage to the sam-
ples. To reduce the eﬀect of water loss occurring during the
course of an analysis, oxygen signal was measured ﬁrst.
Most phases being ﬁne-grained (sub-micrometric) and
beam sensitive, the results of analysis were validated only
when all elements summed up between 95 and 105 wt.%.
Another set of samples was selected for powder X-ray
Diﬀraction (XRD) obtained on a Bruker X’Pert Pro
diﬀractometer.
3.2. Sample dissolution and trace element analysis
Incrustation samples turned out to be highly heteroge-
neous, at the scale of a single grain often made of ﬁne con-
centric layers, but also at the microscopic scale because of
the complex distribution of minerals (see Section 4). In or-
der to preserve as much as possible the small-scale hetero-
geneity of the incrustations while recovering suﬃcient
amount of elements for mass spectrometry analysis, be-
tween 4 and 150 mg of sample were dissolved for wet chem-
istry. Sulfate samples (4–50 mg) were fully and rapidly
dissolved at room temperature in 4 ml of 7 M HNO3. Flu-
orides samples (150 mg) were digested in 4 ml of 1.5 M
HNO3 saturated in H3BO3. Total dissolution was achieved
only after several days, alternating heat (90 C) and ultra-
sonic treatments. Nitric acid was replaced by hydrochloric
acid when osmium analyses were planned on the same dis-
solutions. Hydroﬂuoric acid was used to eliminate excess of
boron as gaseous BF3. Native sulfur deposits (50 mg) were
dissolved with 3 ml of concentrated HNO3 in PARR 4749
bombs, which were heated at 150 C for 24 h (Lechler
and Desilets, 1990). Oxidation of native sulfur yields sulfu-
ric acid, which was not evaporated (boiling point of ca.
290 C) but further diluted in 7 M HNO3.
Trace element abundances were determined by ICP-MS
(Agilent 7500, Laboratoire Magmas et Volcans). Dissolved
samples were evaporated to near dryness and subsequently
diluted in 0.4 M HNO3 to reach a total dilution factor rang-
ing from 3000 to 15,000, depending on the degree of trace
element enrichment. The analyses were performed in plas-
ma robust mode (1550 W). The reaction cell (He mode)
was used to reduce interferences on masses ranging from
45 (Sc) to 77 (Se). The signal was calibrated externally with
a synthetic standard. Both standards and pure 0.4 M HNO3
were measured every four samples. Mass interferences of
oxides and doubly charged ions were monitored externally
by running successively multi-element standards. The exter-
nal two-sigma reproducibility of the method, as estimated
by repeatedly running rock standards (such as BHVO-2)
is <5% for most lithophile elements and <15% for most
chalcophile and siderophile elements. Reproducibility was
not tested on sublimate powders because of the heterogene-
ity and relatively small size of the samples. Although the
concentration of platinum group elements and gold are
usually not determined by this method, they are reported
for some sulfate samples which (1) are soluble in HCl, (2)
contain very low amounts of Hf and Ta (whose oxides gen-
erate spectral interferences on Ir, Pt and Au), (3) have con-
centrations of these elements in the range of ppb to ppm.
08-08-292 08-08-293
08-08-294
08-08-295
0705
08-10-281
09-06-261
09-11-201
0705-CF
a
0.5 km
09-12-1708
09-12-0410 09-12-0411
0.5 kmb
C
AF 1105
60
40
20
0
Fig. 1. Location of the fumarolic incrustations analyzed in this study. (a) Map of the April 2007 lava ﬂow with color coded thickness (from
Staudacher et al., 2009). F: 400–300 C fumarolic vent repeatedly sampled in 2008 and 2009. C: lava cave explored in 2011 (a lava tunnel
network of 1700 m at an average depth of 20 m below the surface of the April 2007 ﬂow). (b) Map of the summit area of Piton de la Fournaise
showing the locations of the eruptions of November 5 and December 14, 2009. Insets show eruption locations within the U-shaped caldera.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Dissolved samples were evaporated to dryness and lead
was converted to bromide form with a few drops of concen-
trated HBr. Lead was puriﬁed on 100 ll Teﬂon columns
ﬁlled with strong anion exchange resin (Bio-Rad AG1-X8
100–200 mesh with a capacity of 1.2 meq/ml) using diﬀerent
mixtures of HNO3 and HBr (Strelow, 1978; Lugmair and
Galer, 1992). Samples were systematically passed twice
through columns. Optimal retention of Pb while most chal-
cophile elements (Cu, Zn, Sn, In) are eluted occurs with
0.2 M HBr–0.5 M HNO3 (solution A). Lead is selectively
eluted with 0.03 M HBr–0.5 M HNO3 (solution B), while
Cd and Bi are retained on the column (Fig. 3a). As previ-
ously shown (Blichert-Toft et al., 2003; Baker et al.,
2004), permil level fractionation of Pb isotopes occurs dur-
ing elution on anionic resin (Fig. 3b), so it is essential to re-
cover 100% of Pb, especially when tracking small isotope
variations. The elution scheme was thus determined pre-
cisely using the two types of samples analyzed in this study
(sulfate and ﬂuoride) (Fig. 3a and c), and the absence ofmeasurable isotopic fractionation (<100 ppm) was checked
processing the NBS981 standard through column.
Although the column capacity (0.12 meq) is theoretically
suﬃcient to separate large amounts of lead (100 lg of Pb
occupying less than 1% of the column capacity), the Pb elu-
tion peak signiﬁcantly enlarges as the amount of loaded Pb
increases. This eﬀect becomes critical when the amount of
Pb loaded exceeds 15 lg. The highest Pb yields were ob-
tained when loading no more than 6 lg of Pb (correspond-
ing to less than 10 mg of the Pb-rich sulfates). Note also
that chemistry yields of only 30–50% were initially obtained
for Pb-depleted ﬂuorides dissolved using boric acid. In this
latter case, we observed that a major fraction of Pb (ca.
50%) is not retained on column during sample loading. This
early Pb loss coincides with elution of signiﬁcant amounts
of boron, which was not totally eliminated despite repeated
HF addition-evaporation steps. We concluded that the
early Pb loss results from a competition between PbBr3

and BF4
, the tetraﬂuoroborate anion having high aﬃnity
for the anionic resin (Nakamura et al., 1992). An optimized
method avoiding the use of boric acid was set up to extract
Table 1
Characteristics of the fumarolic incrustations.
Sample name Lat. (S) Long. (E) Date Temperature* Description Dominant mineralogy Comments
REU 0705 2117014.800 554703400 2008/06 400 C Greenish cm-thick
vesicular agglomerate
Aphthitalite (K, Na)3Na(SO4)2 April 2007 eruption
REU 0810-281 2117014.800 554703400 2008/10 384 C Pale yellow to greenish
agglomerate
Thenardite Na2SO4 thickest part of the lava ﬂow post-
eruptive degassing
REU 0906-261 2117014.800 554703400 2009/06 345 C “
REU 0911-201 2117014.800 554703400 2009/11 325 C “
AF 1105 G 2117017.100 5547046.200 2011/05 cold Bluegreen, well-formed
mm-sized crystals
Gypsum Ca(SO4).2H2O and
unidentiﬁed Cu sulfate
roof of lava tunnel
AF 1105 W 2117017.100 5547046.200 2011/05 cold White, well-formed mm-
sized crystals
REU 0808-292 2117017.5” 5547041.2” 2008/08 100 C Thin crystalline white
deposits
Thenardite Na2SO4
REU 0808-293 2117019.7” 5547045.8” 2008/08 100 C Thin shells on lava, red–
yellow–brown
Na-poor Ralstonite
(NaXMgXAl2-X(F,OH)6.H2O)
REU 0808-294 2117019.8” 5547046.1” 2008/08 100 C “ Leonardsenite
(MgAlF5.2.0H2O)
REU 0808-295-Y 2117019.8” 5547046.1” 2008/08 100 C Bright yellow 3–4 mm
globules
unidentiﬁed Ca–Mg–Al–Fe
ﬂuoride hydroxide
REU 0808-295-W 2117019.8” 5547046.1” 2008/08 100 C White 1–4 mm dentritic
stalagmite
REU 0705-C 2117021.9” 5547050.4” 2008/06 100 C Thin white crusts
REU 091204-11 2114045.3” 5543015.6” 2009/12 cold Bright white powder Thenardite Na2SO4 November 2009 eruption
Crack linking two active vents
syn-eruptive degassing
REU 091204-10 2114047.8” 5543012.4” 2009/12 cold Bright yellow Native sulfur
REU 091217-08 2114053.59” 5542035.5” 2009/12/
14
<100 C Bright yellow Native sulfur December 2009 eruption silica
tube emplaced in a crack
to 2010/
01/05
* Sampling temperature.
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Fig. 2. Macroscopic photos and SEM images of the gas sublimates. Upper left panel: photo of the Na–K sulfate (REU 0705). Upper right
panel: SEM image of REU 0705 with major element mapping. Color code: Red: K; Blue: Na; Green: Mg. The occurrence of a gold nugget is
highlighted. Lower panels: SEM images of selected ﬂuoride samples. X-ray diﬀraction analysis identiﬁed ralstonite and MgAlF5.1.5H2O
within these samples. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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loss (Fig. 3c). Samples were crushed in an agate mortar and
partially dissolved in 7 M HNO3. Fluorine was eliminated
as gaseous HF by repeatedly adding and evaporating small
volumes (300 ll) of concentrated HNO3. Lead was subse-
quently quantitatively recovered by leaching twice the pre-
cipitate with solution A in an ultrasonic bath.
Organic material and Br left after chemical separation
were eliminated with a few drops of concentrated HNO3.
The amount of Pb recovered from columns, and thus from
the full process of extraction and puriﬁcation was measured
at this stage by analyzing an aliquot of the solutions by
quadrupole ICP-MS. This amount was then compared to
that expected from the weight and Pb concentration of
the dissolved samples in order to estimate yields. Samples
were not further processed when Pb recovery was lower
than 95%. After optimal dilution (40–60 ppb Pb solutions),
isotopic compositions were measured automatically by
MC-ICPMS (Nu Plasma HR and Nu Plasma 1700 instru-
ments of the Ecole Normale Supe´rieure de Lyon) using a
Tl spike (NBS 997) to monitor internally instrumental mass
fractionation (White et al., 2000). Samples were introduced
through a desolvator (Nu DSN) at a rate of 100 ll/min,
yielding a total Pb beam of ca. 6.1011 A for 40 ppb Pb
solutions. Each analysis lasted 10 min (120 s uptake fol-
lowed by 40 measurement cycles) and typically consumedbetween 40 and 60 ng of Pb. The NBS 981 standard was
measured every two samples, and each sample analysis
was normalized to the average value of the two bracketing
standards. Normalization to bracketing standards corrects
for both shifts between analysis sessions (ﬁve sessions be-
tween 2008 and 2012) and drifts within individual sessions
(typically 24 h). Statistical analysis (standard–standard
bracketing) of standard data yields a precision (2r error)
of 129, 155 and 178 ppm for 206Pb/204Pb, 207Pb/204Pb and
208Pb/204Pb ratios, respectively. As shown in the result sec-
tion, a precision better than 100 ppm for all three ratios is
attainable when averaging individual analyses. To be di-
rectly comparable with previously published data on lavas
(Vlaste´lic et al., 2009a), the data already corrected for mass
bias and instrumental drift were renormalized to the
NBS981 values of Todt et al. (1996). Total Pb procedural
blanks (HNO3 dissolution) were measured using the
206Pb-enriched NBS983 spike and range between 7 and 13
pg (n = 3). These blanks are negligible compared to the
amount of lead puriﬁed (>35 ng). Nevertheless, the Pb iso-
tope composition of the air of the clean room was measured
by leaving a beaker open for one month, adding 10 mL of
ultrapure water (plus a few mL every week to compensate
for evaporation) to trap and dissolve aerosols. The ﬁnal
solution containing about 5 ng Pb was passed once through
the anion exchange resin before measuring its isotope
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Fig. 3. Elution of lead on AG1-X8 resin (100–200 mesh) using HNO3–HBr mixtures. The column (made of Teﬂon shrink tubing) has a
volume of 100 ll (2 mm I.D.  30 mm). Curves were obtained by dissolving and loading samples of gas sublimate. (a, b) Dissolution of 50 mg
of Na–K sulfate (sample 0911–201) with ca. 280 ppm of Pb. (b) Pb isotope fractionation across the elution peak (800 ppm/a.m.u.). (c)
Dissolution of 150 mg of ﬂuorides (sample 0808–295 Y) with ca. 0.3 ppm of Pb. Solution A: 0.2 M HBr–0.5 M HNO3. Solution B: 0.03 M
HBr–0.5 M HNO3. CPS: ICP-MS counts per second on the speciﬁed masses. (a,c) Note that the position and shape of the Pb peak do not
depend on sample matrix or Pb concentration.
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Pb = 15.553 ± 0.006 and 208Pb/204Pb = 37.386 ± 0.015).
A subset of the sublimate samples was also analyzed for
Li, Sr and Nd isotopic compositions following the methods
described in Vlaste´lic et al. (2009a,b).
4. RESULTS
4.1. Sample mineralogy
Major element concentrations from EPMA are reported
in Supplementary Table A and plotted on Fig. 4. The
incrustations that formed between 300 and 400 C during
degassing of the April 2007 lava ﬂow are Na–K sulfateswith minor amounts of Mg (Fig. 4a). Chemical mapping
of sample REU 0705 shows that K and Na are heteroge-
neously distributed at the microscopic scale (Fig. 2), with
euhedral crystals of aphthitalite ((K,Na)3Na(SO4)2) and
thenardite (Na2SO4) lying on (and in) a ﬁne-grained matrix
of K–Na–Mg sulfates. EPMA analyses of the ﬁne-grained
matrix (Fig. 4a) are consistent with a mixture of aphthitalite
and thenardite. XRD spectrum also suggests the occurrence
of langbeinite (K2Mg2(SO4)3). The samples AF 1105 G and
AF 1105 W collected in the lava cave that formed within the
April 2007 lava ﬂow are gypsum (Ca(SO4)2H2O) with min-
or amount of Cu sulfate (not yet identiﬁed), while the low-
temperature incrustations deposited at the surface of the
lava ﬂow contain either a suite of Ca–Mg–Al–(Fe)
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Fig. 4. Major element chemistry of sulfate and ﬂuoride deposits (Electron microprobe data from Supplementary Table A). (a) Compositional
variation within the REU 0705 sulfate sample. (b) Compositional variation of ﬂuoride samples. Compositions are reported as relative atomic
abundances. The compositions of selected reference minerals are also plotted (stars).
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or thenardite (0808-292). Electron microprobe analysis of
ﬂuorides revealed a wide range of compositions
(0.6 <Ca< 32 wt.%, 3.7 <Mg< 32.1 wt.%, 0 <Al < 14.9 wt.%,
0 < Fe < 16 wt.%), and the occurrence of Ca-rich euhedral
crystals in (or on) a ﬁne-grained matrix of dominantly
Al–Mg ﬂuorides (Fig. 4b). According to XRD spectra,
the main crystalline phases are ralstonite (NaXMgXAl2X
(F,OH)6H2O) and MgAlF515H2O. There is no clear com-
positional trend amongst the four ﬂuoride samples. The
chemical variability can be interpreted as a mixing between
three components. From EPMA analyses and XRD, the
ﬁrst end-member is clearly MgAlF515H2O, known as a
synthetic phase and recently described in fumarolic miner-
als from Iceland (Jakobsson et al., 2008; Mitolo et al.,
2010). The second pole is deﬁned by the euhedral crystals,
with compositions clustering around a mean Na0.08Mg0.47 Al0.32 Ca1.66 Fe0.17 F6 (H2O)0.94 composition
(assuming all oxygen is from H2O). The third pole has a
composition close to MgF2.
The samples from the November and December 2009
cracks were qualitatively analyzed by EDS. The white pow-
der (091204-11) is thenardite, while the nearby bright yel-
low deposits (091204-10 and 091217-08) are native sulfur.
4.2. Trace elements
Trace element concentrations (together with Li, Sr and
Nd isotope data) are reported in Supplementary Table B.
Enrichment factors (EF) are shown on Fig. 5 using beryl-
lium as the normalizing element (Moune et al., 2006) and
the most common type of lava (steady-state basalts) as
the reference magmatic source. The Na–K sulfates show
trace element patterns typical of volcanic gas (Toutain
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Fig. 5. Enrichment factors of trace elements in K–Na sulfate (a), gypsum (b), thenardite (c) and ﬂuoride (d) deposits. Enrichment factor (EF)
is deﬁned as EFX = (X/XR)sublimate/(X/XR)lava, where X is the element of interest and XR the refractory element of reference. Beryllium was
chosen because of its low volatility and low abundance in lavas (Moune et al., 2006). Normalization is made to the average composition of
steady-state basalts (given in Supplementary Table B). Elements are sorted according to their mean enrichment factor in K–Na sulfates.
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earth elements and high ﬁeld strength elements and enrich-
ment (EFBe > 1) in alkalis, platinum group elements, gold,
and chalcophile elements (Fig. 5a). Over the small temper-
ature range (400–325 C), the enrichment factors of most
volatile elements, with the exception of the platinum group
elements and gold, tend to decrease with increasing temper-
ature (not shown). The identiﬁcation of micrometric Au
nuggets in SEM images (Fig. 2) suggests that the large con-
centration range observed for Au, but also Ir and Pt, re-
ﬂects their heterogeneous distribution in the incrustation
samples. Trace element distributions in other incrustationtypes are reported sorting elements according to their
enrichment in the high-temperature samples. The gypsum
samples (Fig. 5b) also show gas-type patterns, although
the depletion in refractory elements and the enrichment in
volatile elements are not as pronounced as in the Na–K sul-
fates, especially for Sr and Ba (anomalously enriched) and
Rb, Cs (anomalously depleted). The thenardite powder
(091204-11) shows a volatile-element enriched pattern
(Fig. 5c), but the left side of the pattern (i.e. from Ta to
Lu) is roughly ﬂat indicating that non-volatile elements
are not as depleted as expected in the gas phase. This is true
for rare earth elements and also for Sr, this latter being
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Fig. 5. (continued)
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nardite sample occurring as thin crusts (0808-292) shows
a similar pattern (not plotted) although shifted towards
lower concentrations. Given the high dissolution rate of
thenardite into water, it is possible that this sample was al-
ready altered at the time it was collected. Fluoride samples
show rather ﬂat patterns (Fig. 5d), EFBe being between 0.1
and 10 for most elements with the exception of Pd and Tl,
which are more enriched (200 < EFBe < 800). Native sulfur
deposits (not plotted) are extremely depleted in most ana-
lyzed trace elements (a few ppb at the most). Striking excep-
tions are Zn and, particularly, Se whose concentration
reaches hundreds of ppm, as previously observed in sulfur
deposits from Poas volcano (Toutain, 1987).4.3. Pb isotopes
Lead isotopic compositions of the gas sublimates are re-
ported in Table 2. In Pb–Pb isotope space (Fig. 6), the Pb
isotope compositions of ﬂuorides plot signiﬁcantly outside
the ﬁeld of lavas. Most ﬂuoride samples (0808-293, 0808-
294 and 0808-295) plot between the main ﬁeld of 2007–
2009 lavas and the anomalous unradiogenic composition
measured in one lava sample erupted on April 6, 2007.
Sample 0705C stands out from other ﬂuoride samples, with
less radiogenic 206Pb/204Pb and 208Pb/204Pb ratios, but
more radiogenic 207Pb/204Pb than lavas.
All sulfate samples, including gypsum, thenardite and
K–Na sulfate, plot within error within the main isotope
Table 2
Pb isotope compositions of fumarole incrustations.
Dominant mineralogy Sample name Dissolutiona Pb (ppm)b 206Pb/204Pb S.E.c 207Pb/204Pb S.E.c 208Pb/204Pb S.E.c nd Inst.e
Basaltsf 1.70 18.9063 0.0007 15.5932 0.0003 38.9980 0.0011 N=15 Nu HR500
070408-1g 18.9052 0.0001 15.5919 7.E-06 38.9953 0.0018 2 Nu HR500
Aphthitalite–Thenardite 0705a C 501 S 18.9059 0.0017 15.5911 0.0019 38.9930 0.0062 5 Nu 1700
0705b C 354 S 18.9091 0.0006 15.5951 0.0007 39.0075 0.0012 4 Nu 1700
0810-281 C 548 S 18.9092 0.0017 15.5959 0.0014 39.0068 0.0037 4 Nu 1700
0906-261 C 379 S 18.9084 0.0016 15.5939 0.0012 39.0009 0.0036 4 Nu 1700
0911-201 C 264 S 18.9100 0.0010 15.5966 0.0009 39.0104 0.0010 4 Nu 1700
Thenardite 091204-11 P 7.26 #16 18.9087 0.0013 15.5948 0.0019 38.9994 0.0047 5 Nu 1700
duplicate 7.26 #16 18.9085 0.0029 15.5950 0.0019 39.0011 0.0064 5 Nu 1700
Gypsum AF 1105 G C 2.76 #25a 18.9069 0.0005 15.5928 0.0013 38.9957 0.0025 2 Nu HR500
C 3.23 #25b 18.9078 0.0024 15.5926 0.0013 38.9954 0.0015 2 Nu HR500
C 17.0 #25c 18.9062 0.0037 15.5916 0.0040 38.9952 0.0102 3 Nu HR500
AF 1105 W C 14.5 #25a 18.9065 0.0018 15.5920 0.0015 38.9952 0.0034 3 Nu HR500
C 11.6 #25b 18.9076 0.0026 15.5925 0.0020 38.9964 0.0045 4 Nu HR500
Fluorides 0808-293 P 0.233 S 18.8797 0.0014 15.5873 0.0012 38.9546 0.0035 1 Nu 1700
duplicate 0.230 S 18.8819 0.0010 15.5877 0.0009 38.9591 0.0024 1 Nu 1700
0808-294 P 0.233 S 18.8649 0.0012 15.5866 0.0010 38.9351 0.0028 1 Nu 1700
duplicate 0.242 S 18.8717 0.0012 15.5906 0.0011 38.9461 0.0039 1 Nu 1700
0808-295 Y P 0.572 S 18.8909 0.0005 15.5897 0.0004 38.9749 0.0010 1 Nu 1700
duplicate 0.538 S 18.8888 0.0007 15.5882 0.0003 38.9703 0.0065 2 Nu 1700
0705-C P 0.342 S 18.7919 0.0007 15.5967 0.0006 38.8696 0.0017 1 Nu 1700
duplicate 0.353 S 18.7969 0.0008 15.5962 0.0008 38.8750 0.0022 1 Nu 1700
0705-C C 0.260 #19 18.7928 0.0038 15.5976 0.0032 38.8868 0.0088 1 Nu HR500
Pb isotopic compositions are relative to NBS 981 values: 206Pb/204Pb = 16.9356, 207Pb/204Pb = 15.4891, 208Pb/204Pb = 36.7006.
S: Pb concentration inferred from total Pb signal during MC-ICP-MS measurement.
#: Pb and trace element concentrations measured on the same dissolution (see Supplementary Table B).
a C: Chip, P: powder.
b Pb concentration data.
c Standard error of n analyses or within-run standard error when n = 1.
d Repeated analysis of the same solution or number of basalt samples analyzed (N).
e Instrument. Nu Plasma HR or Nu Plasma 1700 MC-ICPMS.
f Mean composition of April 2007 lavas (15 samples). From Vlaste´lic et al. (2009a).
g Basalt sample re-analyzed.
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Fig. 6. Lead–lead isotope plots. The Pb isotope compositions of
gas sublimates are compared to the signature of 2007–2009 lavas
(dashed-outline white ﬁelds drawn using data from Vlaste´lic et al.,
2009a). Compositions of individual Pb fractions collected during
Pb elution on anionic resin are reported for sample 09-11-201 (data
given in Table 3). These compositions plot along a mass-fraction-
ation line (dashed line), where e denotes the mass fractionation
factor per atomic mass unit (a.m.u.). Errors of individual data
points (2r error inferred from duplicate analysis) as well as external
error (2r reproducibility of NBS981) are shown. The composition
of local seawater (SW) is shown in the 208Pb/204Pb vs. 206Pb/204Pb
plot, whereas the vector toward seawater composition is shown in
the 207Pb/204Pb vs. 206Pb/204Pb plot. Seawater composition is
inferred from the average composition of Fe-Mn crusts from the
Madagascar basin (206Pb/204Pb = 18.8052, 207Pb/204Pb = 15.6652
and 208Pb/204Pb = 38.9103 after renormalization to the NBS981
values used in this study) (Vlaste´lic et al., 2001).The vectors
towards local air (206Pb/204Pb = 16.49, 207Pb/204Pb = 15.47 and
208Pb/204Pb = 36.20, measured between 1994 and 1999 by Bollho¨-
fer and Rosman (2000)) and laboratory air (206Pb/204Pb = 17.440,
207Pb/204Pb = 15.553 and 208Pb/204Pb = 37.386), this work) are
also shown.
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ference between the average composition of sulfates and the
average composition of lavas. Unlike lavas, sulfate samples
plot along a mass discrimination line, with a total range of
variation that does not exceed 110 ppm/a.m.u. As noted
above, these data are expected to be highly precise because
analyses were repeated up to ﬁve times (see Table 2). Statis-
tical analysis of the bracketing NBS 981 standards reveals
that it is theoretically possible to resolve very small isotope
variations (Fig. 7b). For instance, a precision (2r error) of60, 73 and 82 ppm for 206Pb/204Pb, 207Pb/204Pb and
208Pb/204Pb ratios, respectively, is estimated for a sample
that has been measured three times. The small variations
of 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb within the sul-
fate group (212, 357 and 447 ppm, respectively) are thus
barely outside instrumental error. However, an additional,
not well-constrained error arises from the fractionation of
Pb isotopes during chemical separation. As shown on
Fig. 6, Pb isotope variations in individual eluted Pb frac-
tions (sample 09-11-201) are between seven and eight times
larger than those existing within the whole sulfate group.
Isotopic bias resulting from near total Pb recovery
(>95%) must thus be evaluated.
5. DISCUSSION
5.1. Pb isotope measurements: Error arising from chemical
separation
This study aimed at resolving very small isotopic diﬀer-
ences between magmas and their gaseous products. We ob-
served that partial extraction (<50%) of Pb from ﬂuoride
samples dissolved using boric acid yields compositions that
are tens of ppm/a.m.u. oﬀ the compositions measured after
complete Pb recovery. While many studies have focused on
high-precision Pb isotope measurement on MC-ICPMS,
very few have addressed the issue of isotopic fractionation
during chemical separation. Blichert-Toft et al. (2003) and
Baker et al. (2004) reported mass-dependent fractionation
of Pb isotopes upon elution of pure Pb (NBS 981 standard)
on anion exchange resin (AG1-X8). Both studies found that
light Pb isotopes are eluted ﬁrst. Baker et al. (2004) found
that Pb isotope ratios increase by 130–500 ppm/a.m.u.
across the elution peak, and that fractionation increases
with column size (100–500 ll) and decreasing acid molarity
(8–6 M HCl). Blichert-Toft et al. (2003), who used a larger
column (1 ml) and weaker HCl normality (2.5 M) reported
fractionation of the order of 1000 ppm/a.m.u. They also
estimated the isotopic bias resulting from incomplete Pb
recovery to ca. 150 ppm/a.m.u. for 50% Pb loss (loss of
late eluting Pb).
Our experiment with a natural sublimate sample
(Fig. 3b) gives a fractionation of ca. 800 ppm/a.m.u across
the elution peak (Table 3). It is clear that this value largely
depends on our ability to collect and analyze the very ﬁrst
and very last nanograms of eluted Pb. The isotopic bias
resulting from loss of Pb has been estimated (Fig. 8) distin-
guishing loss of early (isotopically light) eluting Pb from
loss of late (isotopically heavy) eluting Pb. The bias
(±60–90 ppm/a.m.u. for 50% Pb loss) is about half that
predicted by Blichert-Toft et al. (2003). This diﬀerence
may reﬂect the fact that this previous study used a larger
column (1 ml) and loaded and eluted Pb in the same acid
(2.5 M HCl). Based on our estimation, the isotopic bias
does not exceed 20 ppm/a.m.u. for 95% Pb recovery (the
minimum yield used to validate our data).
Isotopic fractionation of Pb upon elution on anion ex-
change resin is a critical issue that deserves further atten-
tion, especially when samples with complex and/or
variable matrix are analyzed. Attention must also be paid
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Fig. 7. Highlight on the small Pb isotope variations shown by sulfate samples. (a) The isotope signature of sulfate samples is compared to that
of April 2007 lavas (individual data points from Vlaste´lic et al., 2009a). The composition of a lava sample (REU 070408-1) re-analyzed during
the course of this study is also shown. The Pb-rich sublimate samples were repeatedly measured (up to six times, see Table 2) and average
values are plotted here. The precision (2r error) of such repeated analyses was estimated from statistical analysis of the NBS 981 standard.
Precision is shown as color-coded boxes on right panels (b) at a proportional scale: white box for samples measured once (lavas), light and
dark gray boxes for samples measured two and three times, respectively (sublimates). (b) Reproducibility of the NBS 981 standard during the
course of this study. Only standard analyses bracketing sample analyses are shown (n = 91). The relatively large scatter of the raw Tl-
normalized data is due to shifts between sessions more than to drifts during individual sessions. In order to estimate the precision achieved
when normalizing sample data to bracketing standards, we performed a standard–standard normalization test (i.e., normalizing odd-
numbered standards to the bracketing even-numbered standards, and inversely). The resulting 2r dispersion (129, 155 and 178 ppm for
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measurement session. To estimate the precision one can expect from repeating sample analysis, averages of standard values randomly chosen
are also plotted (average of two and average of three individual values). This shows that samples can be measured with a precision of 100 ppm
or better, provided that the amount of extracted Pb is high enough (>80 ng) to allow repeated analysis. Plot scale is adjusted so that the
reproducibility of standard data is directly comparable to the small isotope variations shown by samples (panel a).
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such as ﬂuoborates, which may strongly alter the selective
retention of PbBr3
- on anionic resin. Calibration of Pb
chemistry with a natural sample representative of the stud-
ied sample suite is thus highly suitable. It is possible that
less fractionation occurs when using the speciﬁc Sr-spec re-
sin (Smet et al., 2010) or in the case of batch chemistry.
Addition of a 202Pb–205Pb spike (Todt et al., 1996) at thedissolution step could be a simple way to correct for both
chemical and instrumental Pb isotope fractionation.
5.2. The absence of Pb isotope fractionation between sulfate
deposits and lavas
Fumarolic incrustations result from a suite a complex
processes including high-temperature magma degassing,
Table 3
Pb isotope composition of individual Pb fractions collected during elution of sample 09-11-201 on anionic resin.
Fraction ng Pba % Pb eluted 206Pb/204Pb S.E.b 207Pb/204Pb S.E.b 208Pb/204Pb S.E.b nc
1 25 0.2 18.8973 0.0013 15.5851 0.0011 38.9596 0.0027 1
2 74 0.7 18.9037 0.0002 15.5901 0.0001 38.9776 0.0019 2
3 3166 23.5 18.9072 0.0011 15.5929 0.0006 38.9959 0.0026 3
4 6806 72.4 18.9085 0.0015 15.5950 0.0012 39.0052 0.0049 3
5 2794 92.4 18.9129 0.0023 15.6004 0.0024 39.0243 0.0045 3
6 800 98.2 18.9188 0.0015 15.6069 0.0010 39.0474 0.0048 3
7 204 99.7 18.9244 0.0009 15.6143 0.0011 39.0722 0.0028 3
8 47 100 18.9284 0.0007 15.6201 0.0006 39.0891 0.0017 1
Pb isotopic compositions are relative to NBS 981 values: 206Pb/204Pb = 16.9356, 207Pb/204Pb = 15.4891, 208Pb/204Pb = 36.7006.
a Measured by ICP-MS.
b Standard error of n analyses or within-run standard error when n = 1.
c Repeated analysis of the same solution.
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Fig. 8. Estimated isotopic bias resulting from partial Pb recovery
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Note that the isotopic bias drastically increases when Pb loss
exceeds 70% (not shown).
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and crystallization of sublimates. Additional processes such
as interaction of volcanic gas with air, leaching of fumarole
conduits by acidic condensates or meteoric water may also
occur (Bernard and Le Guern, 1986; Symonds et al., 1992;
Gilbert and Williams-Jones, 2008). Thermodynamic condi-
tions required for sulfates formation are summarized in
Getahun et al. (1996): sodium–potassium sulfates form
when volcanic gas interacts with air, in particular at high
gas/air ratios, while gypsum theoretically forms at low tem-
perature (125 C) and low gas/air ratios. Gypsum could be
an hydration product of anhydrite (CaSO4), which forms
early (710 C) by reaction between gaseous CaCl2 and
SO2. Alternatively, gypsum could also crystallize from con-
densed acid vapors having reacted with host rocks (Stoiber
and Rose, 1974; Kodosky and Keskinen, 1990; Africano
and Bernard, 2000).In this context, the absence of signiﬁcant isotopic frac-
tionation of Pb between sulfate deposits and their genetic
magmas is surprising. It is possible that the magnitude of
isotopic fractionation within each individual process is ex-
tremely small yielding a net fractionation smaller than the
precision of Pb isotope measurements. Although this
hypothesis cannot be ruled out, it is not supported by the
relatively large fractionation (permil level) of heavy iso-
topes expected from theoretical considerations (Schauble,
2007). In the following, we discuss how the isotopic compo-
sition of Pb could remain unchanged during degassing and
condensation processes.
Diﬀusively driven fractionation of Pb isotopes is ex-
pected at the melt-gas interface. The composition of gas-
eous Pb matches the initial magma composition in the
case of late-stage (ca. two thirds) fractional degassing or
complete batch degassing (Fig. 9a). Both conditions are
highly unrealistic because Pb is moderately volatile only.
For an emanation coeﬃcient of Pb in the order of 1%
(Rubin, 1997), the net isotope fractionation is very close
to the instantaneous fractionation factor (a20X=204vol ¼
ð20XPb=204PbÞgas=ð20XPb=204PbÞsolid, with X = 6,7,8). Thus,
gaseous Pb will remain isotopically unfractionated with re-
spect to magmas only if avol1.
Isotopic fractionation as gas mixes with air, cools and
partially condenses is more likely especially as stable iso-
tope fractionation is enhanced at low temperature. Frac-
tionation arises from change in coordination chemistry
(e.g., number and nature of ligands) and/or oxidation state
of Pb (Schauble, 2004, 2007). It is expected that equilibrium
reactions between major (PbCl2) and minor (PbCl4, PbS,
PbCl, Pb, PbBr) gaseous compounds of Pb (Symonds
et al., 1992) lead to complex isotope fractionation in the
gas phase. However, the isotopic evolution of the bulk
gas phase is driven by Pb condensation. Gaseous Pb may
condense as sulﬁde or chloride but, in both cases, the ulti-
mate solid product in oxidizing conditions is Pb sulfate
(PbSO4) (Oskarsson, 1981; Bernard and Le Guern, 1986).
As shown on Fig. 9b, the composition of the accumulated
condensate, best representing our samples, evolves towards
the initial composition of the gas as the fraction of Pb con-
densed increases. Assuming the primitive gas has the same
composition as lavas (i.e. avol = 1), the small isotopic range
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Fig. 9. Theoretical fractionationof Pb isotopes during volatilization
and condensation. (a) Evolution of 206Pb/204Pb of the gas phase as a
function of the fraction of Pb volatilized. The instantaneous (inst.)
composition (fractional degassing) and the accumulated (acc.)
composition (batch degassing) are given by (206Pb/204Pb)g = (
206-
Pb/204Pb)S,0.F
(avol 1) and (206Pb/204Pb)g = (
206Pb/204Pb)S,0.(1Fa-
vol)/(1F), respectively. These Rayleigh distillation equations relate
the Pb composition of the gas (g) to the initial (0) solid (s)
composition, the fraction of Pb remaining in the solid (F), and the
fractionation factor between degassing magma and gas (avol = (
206-
Pb/204Pb)g/(
206Pb/204Pb)S). The curves are drawn using an initial
206Pb/204Pb ratio of 18.9063 (average composition of the April 2007
lavas) and avol of 0.9971, which is inferred from running the NBS981
standard at 1062 C on a Thermal Ionization Mass Spectrometer
(Doucelance and Manhe`s, 2001). Note that this value of avol is
intermediate between the kinetic value (0.9951 = (m204/m206)
0.5) and
the value (0.9996) inferred from heating Pb alloy at 650 C in a
furnace (Cui and Wu, 2011). (b) Evolution of 206Pb/204Pb of the
accumulated condensate as a function of the fraction of gaseous Pb
condensed. (206Pb/204Pb)cond = (
206Pb/204Pb)g,0.(1facond)/(1f)
where acond is the fractionation factor between gas and condensate
(acond = (
206Pb/204Pb)cond/(
206Pb/204Pb)g) and f the fraction of Pb
remaining in the gas. The curves are drawn using an initial
206Pb/204Pb ratio of 18.9063 (average composition of the April
2007 lavas) and realistic values of acond. The composition of sulfate
sublimate (gray ﬁeld) is reproduced only for extensive condensation
(>80% for acond > 1.0005).
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(>80% for acond > 1.0005). In summary, it is suggested that
the absence of Pb isotope fractionation between sulfatedeposits and lavas results ﬁrst, from Pb volatilization with
no signiﬁcant isotopic fractionation, followed by extensive
condensation of gaseous Pb, with possibly signiﬁcant isoto-
pic fractionation.
5.3. The low-temperature ﬂuoride deposits
Thermochemical data indicate that hygroscopic H2SO4
forms below 202 C (Symonds et al., 1992). This hot solu-
tion may dissolve gaseous HF and HCl, which normally
condense at low temperature (25 C). It is expected that
the resulting acidic ﬂuids (with pH of ca. 1.6) react with
wall rocks, leaching major cations, and subsequently pre-
cipitate as secondary minerals such as ralstonite (Africano
and Bernard, 2000). This scenario reasonably accounts
for the occurrence of refractory elements in the low-temper-
ature deposits. However, it does not explain the complex
trace element patterns (Fig. 5d), which depend on several
parameters including the initial composition of gas conden-
sate, the ability of host-rock elements to dissolve into acidic
ﬂuids, and the selective co-precipitation of elements with
ﬂuorides (Yokoyama et al., 1999). The depletion of most
volatile elements including Pb is not consistent with a sim-
ple dilution process, as evidenced by the enrichment in Pd
and Tl, but rather suggests that samples formed from an
evolved gas, which had lost most of its moderately volatile
elements during early stages of condensation. It is also pos-
sible that the crystallization of highly insoluble species at
high temperature removes volatile elements early during
the cooling history of ﬂuids. For instance, the diﬀerence
in solubility product between PbSO4 (1.6  108) and
PbF2 (2.7  108) suggests that PbSO4 crystallizes ﬁrst,
leaving behind a residual ﬂuid depleted in Pb.
Fluoride samples (with the exception of sample 0705C)
have distinctly less radiogenic Pb compared to the bulk of
the April 2007 lava ﬂow (Fig. 6). Contamination by an
external component is not supported by Sr and Nd isotope
compositions, which are indistinguishable from those of la-
vas (see Supplementary Table B). Instead, the Pb isotope
shift seems to be due to the incorporation of the same
unradiogenic Pb component as that present in a lava sam-
ple erupted during the paroxysmal phase (April 6th) of
the eruption of April 2007. The anomalous composition
of this lava sample was ascribed to the entrainment of dense
Pb-rich phases (e.g., sulﬁdes) by fast rising magmas (Vlaste´-
lic et al., 2009a). These phases have not been conﬁdently
identiﬁed yet, but their ubiquitous presence in high-ﬂux
eruptions is strongly supported by the frequent occurrence
of unradiogenic anomalies in the erupted lavas (206Pb/204Pb
ratio down to 17.3) (Vlaste´lic, 2008). Preferential leaching
of such phases by acidic gas condensates could explain
the unradiogenic isotopic signature of most ﬂuoride
samples.
The anomalous 207Pb/204Pb ratio of sample 0705C can-
not be explained by a mass-dependent shift of a composition
initially plotting on the lava array. In the simplest case, this
sample has been contaminated by seawater brines, which
have highly radiogenic 207Pb/204Pb (P15.66), but 206Pb/204-
Pb and 208Pb/204Pb not very diﬀerent from lavas (Vlaste´lic
et al., 2001) (Fig. 6). Alternatively, the end-member trace
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sample suggests formation under unusual conditions or dif-
ference in mineralogy. Fractionation of odd and even-num-
bered isotopes of heavy elements could be mass-independent
when driven by nuclear volume eﬀects, which tend to con-
centrate heavy isotopes in compounds with low electron
density at the nucleus (Schauble, 2007). Nuclear volume iso-
tope fractionation is expected when Pb2+ (the most common
valence state of Pb) loses two s-electrons to form Pb4+, or
when Pb forms bonds with elements with high electronega-
tivity, such as F. One of these conditions could have been
exceptionally fulﬁlled in sample 0705C.
5.4. Implications
Given the intrinsic limits of the sample suite, it is diﬃcult
to reconstruct the whole history of Pb isotope fractionation
during volatilization, gas condensation and sublimate crys-
tallization, and thus to estimate the ultimate composition of
volcanic emanations. It is clear that our preliminary results
will have to be reﬁned by more direct measurement of the
gas phase, and their general applicability tested (e.g., their
dependence on temperature, magma composition and vol-
canism type). Yet, some potential implications can be envi-
sioned at this stage.
(1) The absence of net fractionation of Pb isotopes dur-
ing sulfate formation is best explained by negligible
isotope fractionation during Pb volatilization
followed by extensive condensation of gaseous Pb
(with possibly signiﬁcant isotopic fractionation at
that stage). This has two major implications. First,
the amount of gaseous Pb escaping the fumarolic
environment must be very small (<10%) compared
to the amount of Pb volatilized. This is probably true
for both syn-eruptive and post-eruptive degassing, as
our samples were formed in both conditions. Second,
the corollary to extensive condensation is that the
small fraction of Pb remaining in the gas phase
should have an highly fractionated composition,
which will be isotopically heavy or light depending
on whether acond is less than unity or not.
(2) With the possible exception of sample 0705C, the Pb
isotope signature of the studied sublimates is not
aﬀected by contamination by external components,
such as air or seawater brines, which have distinctive
Pb isotopic signature (Bollho¨fer and Rosman, 2000;
Vlaste´lic et al., 2001). This suggests that the degassing
system is relatively impervious to atmospheric and
marine inputs. The absence of seawater contamina-
tion is also independently supported by Sr and Li iso-
tope data.
(3) Sulfate sublimates, which concentrate Pb, are highly
soluble in water. This is particularly true for thenar-
dite powder, which dissolves nearly instantaneously
at ambient temperature. Most sub-aerial sublimates
are thus very likely leached by rainwater soon after
their formation, which explains the rare occurrence
of pristine samples (sub-surface sublimates may have
longer life depending on the permeability of the lavaﬂows). Thus, in addition to non-condensable gases
(Toutain et al., 2002) and rare volatile elements
enriched in sublimates, runoﬀ is also expected to
entrain isotopically unfractionated Pb towards the
hydrological system and seawater. This should be
taken into account when tracking the source and
the ﬂux of Pb in the river and marine environments
in the vicinity of active volcanoes.
(4) The Pb isotope composition of magmas erupted at
active intraplate volcanoes (e.g., Hawaii, Re´union)
ﬂuctuates at short time-scales, typically between 1
and 10 years, most likely reﬂecting the cycling activ-
ity of magma chambers (Pietruszka and Garcia,
1999; Marske et al., 2007; Vlaste´lic et al., 2009a).
The magnitude of these ﬂuctuations (in the range of
103–104 ppm for 206Pb/204Pb) is much larger than
those resulting from magma degassing processes.
The Pb isotope composition of primitive, high-tem-
perature gas could thus be used to track change in
magma composition at depth, and thus to anticipate
events of magma recharge.
6. CONCLUDING REMARKS
This study aimed at detecting potential fractionation of
Pb isotopes arising from degassing processes. With this re-
spect, Piton de la Fournaise volcano is an ideal target
since the Pb isotopic composition of erupted lavas is very
precisely known. However, even in the most favorable case
of post-eruptive degassing, such a fractionation is not
identiﬁed conﬁdently: sulfate samples with trace element
patterns indicating relatively direct derivation from the
gas phase display Pb isotopic compositions indistinguish-
able from their genetic lavas. It is possible that the magni-
tude of isotopic fractionation within each individual
process that led to sulfates formation is extremely small
yielding a net fractionation smaller than the precision of
Pb isotope measurements (better than 60 ppm/a.m.u.).
Alternatively, negligible isotope fractionation during Pb
volatilization, followed by extensive condensation of gas-
eous Pb, may also yield no net isotopic fractionation. Gi-
ven the intrinsic limits of our sample suite, it is diﬃcult to
deﬁnitively resolve this issue here. However, the second
scenario is preferred as it leaves open the possibility of sig-
niﬁcant isotopic fractionation during Pb condensation. It
would imply that the amount of gaseous Pb escaping the
fumarolic environment is small (most likely <10%) com-
pared to the amount of Pb leaving magmas. As sulfate
sublimates are highly soluble in water, condensed Pb will
be entrained by runoﬀ towards the hydrological system
and seawater. On the other hand, distinctively less radio-
genic Pb signatures characterize the low-temperature ﬂuo-
ride samples, whose trace element patterns record gas-rock
interactions. Such compositions are ascribed to leaching
ubiquitous unradiogenic phases (e.g., sulﬁdes) by acidic
gas condensates.
Resolving very small isotopic diﬀerences between mag-
mas and their gaseous products remains an analytical chal-
lenge, which rests not only on instrumental performance
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samples with highly variable matrix and Pb content.
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